I. INTRODUCTION
Bacterial pneumonia is a major complication of hospitalization, associated with substantial morbidity and mortality (102, 289) . Many of these pneumonias are caused by airway opportunists, the ESKAPE pathogens (Enterococcus faecium, Staphylococcus aureus, Klebiella pneumoniae, Acinetobacter baumanii, Pseudomonas aeruginosa, and Enterobacter species) (366) . In this review, we explore how three of the most common causes of health-care associated bacterial pneumonias (S. aureus, P.aeruginosa, and K. pneumoniae) interact with the innate immune system in the respiratory tract (329) . While each of these is a distinct species with a diverse phenotype, these organisms share the ability to evolve in response to antimicrobial pressure without a loss in fitness and proliferate in health care-associated settings. We briefly review the common components of innate immune signaling in the airway, how they are activated by conserved microbial pathogen-associated patterns (PAMPs), the coordinated interactions of "nontraditional" immune cells (i.e., epithelial cells) as well as professional immune cells, and then describe the mechanisms and types of immune cells that each of these pathogens targets to cause pneumonia. While there are a finite number of immune components that are activated in the early stages of airway infection, it will become evident in this review that the mechanisms through which each of these major pathogens interacts with the host result in very different pathophysiology. The ultimate result is death of the host through respiratory failure and/or sepsis, but the immunopathological events leading up to respiratory compromise by each of these organisms are distinct.
The pathogens that we have targeted each possesses a tremendous genetic capability of adaptation to human airways and cannot only persist but flourish in this environmental niche. Their acquisition of novel genetic elements, such as the uptake of antibiotic resistance genes, is readily apparent and has made effective treatment of infections due to these organisms difficult. In addition, phenotypic adaptation may be evident, with selection of pathogens with exuberant extracellular polysaccharide production. Less obvious, but central to pathogenesis, are the innumerable adaptations to the human immune system. The co-evolution of these bacteria in response to immune pressure imposed by both innate and adaptive immunity has made them especially formidable pathogens. As will be apparent in the sections to follow, each of these organisms has developed its own mechanism(s) for thwarting, evading, or exploiting innate immune clearance.
A. Pathogenesis of Airway Infection
Airway infection occurs primarily through the aspiration of organisms colonizing the upper respiratory tract. Through the selection of mutants that can evade immune clearance, a subpopulation of the colonizing strains is selected, then aspirated into the lower airways where inflammation mediated by local "nontraditional" immune cells as well as professional immune cells is initiated. Pneumonia results from: disruption of epithelial tight junctions, neutrophil recruitment, release of proteases and reactive oxygen intermediates, generation of alveolar edema, and impairment of normal physiological gas exchange, while bacterial invasion across the capillary or epithelial barrier, or lymphatic system, leads to bacteremia. In a hospital setting, the selection of highly antibiotic-resistant pathogens is recognized as a major clinical problem. Less apparent is the simultaneous selection of bacterial mutants resistant to the various components of host innate immunity that contribute to airway immune clearance. The genetic flexibility of these organisms enables the overall population to proliferate through selection of mutants that thrive despite the presence of phagocytes and their bactericidal capabilities.
B. Surface Airway Defenses
The respiratory mucosa is exceptionally well defended from bacterial infection through its multiple mechanisms of airway clearance that include expression of antimicrobial proteins, mucociliary clearance, and active surveillance of airway macrophages (1) . Remarkably few organisms ever contact airway epithelial cells, a process which stimulates organism virulence factor expression (393) and induces innate immune signaling through the epithelial cells. Bacterial appendages such as flagella bind to mucin components and provide a physical link to enhance mucociliary clearance. Selection of P. aeruginosa mutants that lack flagella is observed in chronic airway infection as a response not only to their evasion of clearance, but also to their lack of immunostimulation (22, 246) . Organisms that are enmeshed in mucin are subject to destruction by the multiple antimicrobial peptides constitutively expressed by airway mucosal cells, and further expressed as a component of immune activation. The "mix" of antimicrobial peptides includes cathelicidins and lipocalins that compete with microorganisms for iron, providing a selective milieu that enables relatively resistant organisms to flourish while eliminating proliferation of the more susceptible species. Factors such as pH and NaCl concentrations affect the potency of antimicrobial peptides and contribute to the selection of the relatively resistant species (1) . In cystic fibrosis (CF), a disease affecting the pH of airway secretions as a consequence of chloride channel dysfunction, pH effects may contribute to the bacterial flora that persist within the airway (319) . Induction of lipocalins suppresses proliferation of organisms unable to compete for iron and enhances the proliferation of opportunists such as P. aeruginosa and K. pneumoniae that express multiple siderophores and are able to effectively compete for iron. When these mechanical and antimicrobial defenses fail, the host must then recruit phagocytes to eliminate the infection. Thus it is only when an especially flexible pathogen, such as those we will review, establishes residence in the airway that such opportunistic pneumonias occur, as the vast majority of organisms would be readily cleared by typical innate immune defenses.
C. Epithelial Signaling
The function and distribution of the numerous germline encoded pattern recognition receptors, TLRs, NLRs, and related proteins in both nontraditional and professional immune cells have been well recognized. Their profound importance in host defense is perhaps best exemplified by the susceptibility of individuals with mutations in components of innate immune signaling, such as IRAK4, to specific infections (321) . CF provides an example of the importance of epithelial cell function in normal airway clearance mechanisms, as well as the contribution of excess proinflammatory signaling in causing lung damage. The clinical data accrued from CF patients has enabled investigators to follow the evolution and selection of bacterial mutants in response to innate immune clearance over time. This process is likely similar to what occurs in an intensive care unit (ICU) setting, in which pathogens are acquired from the environment and through selective proliferation specific clones infect the susceptible host to cause pneumonia.
Epithelial signaling is initiated by TLRs distributed on the apical surface of airway cells as well as through intracellular receptors that can respond to internalized bacterial gene products including cell wall fragments, DNA, and lipopolysaccharide (LPS) (3, 182, 196, 283, 305, 306, 308) . Surface signaling is generally mediated by TLR/MyD88/NF-B and mitogen-activated protein kinase (MAPK) activation resulting in the production of chemokines such as interleukin (IL)-8 and proinflammatory cytokines. TLR initiated responses can be propagated through Ca 2ϩ fluxes, transmitted via connexins that transiently activate adjacent epithelial cells and amplify the local response to infection (460) . This provides a rapid induction of proinflammatory cytokine and chemokine expression to recruit phagocytes. Signaling is promptly regulated through phosphorylation of the connexins. The airway epithelium produces granulocyte-macrophage colony stimulating factor (GM-CSF), a major macrophage cytokine that stimulates the polarization of airway macrophages to the M1 or more phagocytic and inflammatory phenotype, as opposed to the more antiinflammatory M2 phenotype usually associated with the resting resident population (179, 423) .
TLRs expressed intracellularly can also be activated by airway pathogens (136) . While the major airway pathogens S. aureus, P. aeruginosa, and K. pneumoniae are categorized as "extracellular pathogens," they are nonetheless able to initiate signaling mediated through intracellular receptors, TLRs expressed in the endosome, cytosolic receptors, and PARKER ET AL.
other intracellular targets that are endocytosed by mucosal as well as immune cells. In the airways organisms proliferate, shedding components such as LPS, surface lipoproteins, flagella, and pili/fimbriae as they grow. Bacteria are lysed through the activities of host defense mechanisms, releasing bacterial DNA fragments and cell wall components, all highly immunostimulatory and recognized by specific intracellular receptors, such as endosomal expressed TLR4 along with TRIF, TLR9, and NOD-like receptors. TLR4/ TRIF signaling gives rise to the type I and III interferons, best known for their participation in antiviral defenses but also critically important in host defense against acute bacterial infection.
Bacteria that have breached the mechanical defenses of the airway then gain access to the epithelium. This may be considered the initial step in "invasion" as it represents the failure of the normal antimicrobial defenses of the airway, leading the host to induce the recruitment of phagocytes, a potentially damaging but necessary immune response. Mice lacking epithelial cell expression of MyD88, a critical adapter between multiple TLR-NF-B signaling pathways, have profound defects in pathogen clearance (268) , illustrating the critical role of the epithelium in initiating innate clearance.
Alveolar epithelial responses
Bacterial stimulation of the polarized cells of the upper airway has been extensively characterized and is clearly a critical component of mucosal defenses. Inhaled bacteria that gain access to the lower airway stimulate signaling by alveolar epithelial cells. Signaling by the type I alveolar epithelial cells, which function primarily in air exchange and comprise the majority of the cells in the lung, can be activated by bacterial components, but responses are limited to specific cytokines, CCL20 and CXCL5 (473) . The participation of type II alveolar epithelial cells that produce surfactant and have more biosynthetic functions is more robust (259) . Epithelial STAT-3-mediated signaling, which includes production of the IL-6 family of cytokines, is important in the overall antibacterial defenses in the airway (332) . Models of bacterial infection in the airways of epithelial-specific RelA mutant mice convincingly demonstrate the importance of epithelial signaling for the efficient recruitment and activation of neutrophils into the infected lung (472) . Similar studies using MyD88 mouse chimeras documented the importance of epithelial as opposed to immune cell proinflammatory responses to P. aeruginosa (268) . The interaction between the alveolar epithelium and local immune cells is also an important component of the host response to airway pathogens. In a model of LPS or S. aureus airway infection, the alveolar macrophage was demonstrated to regulate epithelial proinflammatory cytokine production through the movement of Ca 2ϩ fluxes through connexin-43 channels to suppress further alveolar epithelial signaling (460) .
D. Immune Cell Signaling in Response to Airway Infection
The respiratory mucosa, like other mucosal surfaces, regulates the interface between the environment and constant exposure to "non-self" antigens that include innumerable benign particles as well as the very occasional potential pathogen. From numerous studies using 16S rRNA sequencing to sample the respiratory microbiome, it has become clear that there is a native, predominantly anaerobic flora in the airways and lung (177) . This flora presumably serves to induce a state of microbial tolerance (143) as observed in the gut (110, 353, 388, 468) . Changes in the gut microbiota can also have major effects not only on intestinal inflammation but on macrophage polarization in the lung as well (208) . The major surveillance cells of the airway, the alveolar macrophages, express a predominantly "anti-inflammatory" repertoire of surface proteins, such as CD200R and CD206 in their resting state (179, 258) . To protect the respiratory tract's major function in gas exchange, the resting state of the respiratory mucosa eliminates potential pathogens through clearance mechanisms that do not involve the recruitment of neutrophils and their damaging products.
Alveolar macrophages are the major pathogen surveillance cells in the airway. A substantial portion of the resident macrophage population is sessile, adherent to the epithelium and able to communicate with epithelial cells through connexins (460) . Endocytosis of bacteria by immune cells, particularly macrophages, provides a mechanism for the bacterial PAMPs to activate both surface displayed as well as intracellular TLRs, NLRs, and NLR-inflammasome signaling.
E. Activation of the Inflammasome
The most potent inflammatory response initiated by bacterial invasion involves the activation of the inflammasome and release of IL-1␤ and IL-18, powerful proinflammatory cytokines (389) . As the components of the inflammasome are cytosolic, this pathway involves the escape of bacteria or their products from the endosomal compartment, and thus requires the ability to escape endosomal clearance mechanisms, properties of both S. aureus and P. aeruginosa (437) . The inflammasome consists of a scaffold that combines and coordinates the activation of caspase-1, which then targets pro-IL-1␤ and pro-IL-18, facilitating their cleavage to biologically active products. Induction of inflammasome activity is thought to require two signals, a TLR-induced expression of the pro-forms of the cytokines and a stimulus forcytosolic DNA (174) . In the setting of acute pneumonia, the exaggerated immunostimulation provided by the NLRC4 inflammasome has been shown to contribute to lung pathology in murine models (77, 218). Less apparent is whether inflammasome activation is uniformly associated with pathology, as Nlrp3 Ϫ/Ϫ mice have only a minimal phenotype in S. aureus pneumonia (201) . As a consequence, bacterial pathogens have evolved multiple mechanisms to avoid activation of the inflammasome (437).
F. Dendritic Cells and Types I and III Interferons
Bacteria and their components in the airway are sampled by dendritic cells (DCs), which are thought to intercalate between the tight junctions of the epithelium. Bacterial antigens are processed and presented to T cells. DCs are a major source of the types I and III interferons (IFNs). The type I IFNs (␣, ␤, , and ) are signaled through the ubiquitous IFNAR, which stimulates expression of over 300 genes, the interferome (364) . While best characterized as a major component of host defense against viral infection, type I IFN signaling is a major component of the host response to LPS, as signaled through endosomal TLR4/TRIF that activate Jak/STAT-mediated gene transcription. Importantly, the type I IFN response serves to counterbalance the proinflammatory signaling initiated through the activation of inflammasomes. Studies with Francisella tularensis, Listeria monocytogenes, and Streptococcus pneumoniae have identified that type I IFN signaling is required for inflammasome activation (115, 167) . In the case of S. pneumoniae, it has been shown that type I IFN signaling upregulates the AIM2 inflammasome, known for sensing DNA (115) . A more recent study contradicts these observations whereby type I IFN signaling via the STAT1 transcription factor repressed the NLRP1 and NLRP3 inflammasomes. Type I IFN signaling further suppressed the inflammasome response by reducing expression of pro-IL-1␣ and pro-IL-1␤ via production of IL-10 and STAT3 (153) . Given the conflicting reports, the connection between type I IFN signaling and inflammasome activation is present, but the outcome is dependent on the biological system studied. Diminished type I IFN signaling in cells with a CFTR mutation can contribute to their exaggerated expression of IL-1␤ and inflammatory airway damage (305) . Type III IFN or IFN-signaling is also activated in DCs, but the type III IFNs signal through the composite IL-28R-IL-10R that is predominantly expressed on mucosal and hepatic cells (109) . Thus IFNs generated by immune cells target mucosal surfaces to coordinate and fine tune the overall mucosal response to airway infection.
G. Lymphocytes
Several different types of lymphocytes actively participate in innate immune defenses, primarily by producing a number of cytokines with major antibacterial activity. Gamma, delta, and Th17 T cells produce IL-17A and IL-17F, important in the recruitment and activation of neutrophils in response to infection by extracellular bacteria, such as these major airway pathogens (69). NK cells are known to also have important innate immune defense functions, participating in bacterial pathogen clearance (46). Among the larger family of innate lymphoid cells (ILCs), the ILC3 group of lymphocytes are major producers of IL-22, a cytokine of the IL-10 family that contributes to expression of several antimicrobial peptides, including RegIII␥, S100A8, and S100A9, and enhances the barrier function of the airway epithelium (323) . Production of IL-22 by ILCs could promote the expression of antimicrobial peptides in response to S. aureus and to enhance barrier function (216, 323, 349) , although this has yet to be tested. In addition, the expression of superantigens by many pathogens, especially S. aureus, provides a potent stimulus for cytokine expression by T cells present in the airways (311).
II. INNATE IMMUNE RESPONSES TO STAPHYLOCOCCUS AUREUS IN THE AIRWAY

A. Epidemiology
S. aureus, a component of the commensal flora found in upwards of 30% of individuals (457) , has the potential to become an airway pathogen in the appropriate setting. It has the extraordinary ability of thwarting immune clearance mechanisms, enabling them to spread through populations worldwide (412) . Genetic analyses demonstrate the dominance of a single clone of S. aureus spread throughout Europe, demonstrating the co-evolution and horizontal gene acquisitions of both antimicrobial resistance and virulence genes within the epidemic strains of S. aureus (30). Much of the virulence of S. aureus is due to gene products that interact with components of the immune system, as illustrated in the very different susceptibilities of inbred strains of mice to infection (448) . Staphylococcal gene products interfere with host clearance mechanisms by thwarting phagocytosis and opsonization and through expression of multiple, somewhat functionally redundant leukotoxins. These leukotoxins target human macrophages and neutrophils through the recognition and exploitation of numerous human receptors (125) . The ability of S. aureus to initiate excessive inflammatory responses is a major factor in the severity of the pulmonary damage it generates. In murine models of infection, mice lacking components of innate immune clearance, such as the receptors for the types I or III IFN cascade, NOD2 which is important for inflammasome activation, or TNFR1 all have improved outcomes, such as reduced mortality, decreased leukocyte infiltration, proinflammatory cytokine production, and alveolar leakage (78, 144, 307) . Over the past decade, an epidemic methicillin resistant S. aureus (MRSA) clone, USA300, has been associated with the majority of severe infections in the United States (93) . The distinction between hospital-versus community-acquired strains of MRSA has become blurred. A rapid expansion of community-acquired, virulent, and widely disseminated strains of S. aureus is evident and suggests rapid evolution of single clones with enhanced virulence and transmissibility (64). Although the expression of the mecA gene that confers ␤-lactam resistance to MRSA strains does not in itself enhance virulence, the acquisition of the SCCII element that includes mecA, genes that enhance skin colonization as well as toxin production, as part of the same evolutionary process (322) indicates co-evolution of antimicrobial resistance and pathogenicity.
B. Colonization
As a ubiquitous colonizer of the human nasopharynx, S. aureus expresses surface proteins that mediate attachment to mucosal tissues and resist the microbiocidal activity of skin polyamines (322) . These adhesins, the microbial surface component recognizing adhesive matrix molecules (MSCRAMMs), originally defined by their binding of substrates such as fibrinogen and collagen, share structural similarities and have a common mechanism of ligand binding (125, 126) .
Clumping factor A (ClfA) and especially B (ClfB) play prominent roles in respiratory infection by binding to the cytokeratins on nasal epithelial cells (FIGURE 1) (449) . S. aureus strains lacking ClfB have reduced adherence and in a human colonization model were more rapidly cleared than wild-type strains of S. aureus (293, 372, 459) . In a murine colonization model, ClfB antibodies or immunization with ClfB reduced the ability of S. aureus to persist (372) . Human clinical pneumonia isolates express clumping factor, but a direct contribution to pathogenesis in the lung is undetermined (367) . ClfA has been shown to be antiphagocytic towards neutrophils and macrophages (170, 301) and, while important in some animal models, has not shown a role in pulmonary infection (189, 279, 443, 456) . Additional MSCRAMMs include the collagen binding protein (cna gene) that binds collagen substrates and tissues (169, 346) , and fibronectin binding proteins (FnbpA, FnbpB) (273, 372) . These surface proteins may facilitate stromal cell uptake through fibronectin interactions with human integrins. Strains lacking fibronectin binding proteins actually lead to more damage in the lung using a pneumonia model in rats (262) . interactions important in immune evasion and pathogenesis. SpA has several domains including a signal peptide, five repeated domains that bind IgG, and a variable region (Xr; containing 24 bp repeats) at the carboxy end (271, 436) . The IgG binding domains bind human IgG (145), widely considered an important factor in its resistance to phagocytosis, while the Xr region is the basis for many epidemiological studies (213, 387) . This IgG binding region also mediates attachment to tumor necrosis factor receptor 1 (TNFR1) and epidermal growth factor receptor (EGFR) (145, 147) . The number of repeats in the Xr region has been associated with increased induction of an inflammatory response (134) and is a site for mutation in the context of human pulmonary infection in CF patients (191) . SpA is anchored to the cell surface through the action of the sortase enzyme and its LPXTG motif (261, 375) , released from cells via the action of the LytN murein hydrolase and LytM pentaglycyl-endopeptidase (28).
C. Surface Proteins
The IgG binding domain of SpA has many important immune interactions, especially induction of the expansion of B cells. Interaction with the Fab protein of V(H)3-type B cell receptors blocks the generation of adaptive immune responses and results in nonspecific polyclonal B cell expansion (161, 206) . Mutations in SpA that make it unable to interact with B cells have shown promise as vaccine candidates in murine models of infection (205) . SpA further contributes to immune evasion by binding Fc␥ portion of immunoglobulin preventing opsonization (314) , with the immunoglobulin binding domain interfering with efficient uptake of these organisms. SpA mutants that are unable to bind to IgG elicit an adaptive immune response that is protective against recurrent infection (114) . Immunization with mutated protein A protects mice from infection by raising antibodies that promote opsonophagocytic clearance (205, 424) . S. aureus strains lacking SpA have significantly reduced virulence (50, 144), with decreased bacterial burden in the lung and spleen, less inflammatory signaling and neutrophil recruitment (144) , and decreased mortality (50). SpA also facilitates invasion across the epithelial tight junctions (FIGURE 1), which is accomplished through activation of a RhoA/ROCK/MLC cascade that along with calpain activity leads to contraction of the cytoskeleton and cleavage of tight junction proteins, occludin, and E-cadherin (404) . This facilitates invasion of these organisms that themselves are not motile.
Expression of SpA is increased upon initial in vivo infection (228) and acts as an agonist for the TNF cascade through its recognition of TNFR1 (145) . Interaction with SpA leads to increased levels of TNFR1 at the cell surface and subsequent shedding of soluble TNFR1 into the milieu via the action of TNF-␣ converting enzyme (TACE) also known as ADAM17 (144) . SpA-TNFR1 signaling occurs through TRAF2/TRADD/RIP1/MAPK and NF-B to produce IL-8 in airway epithelial cells (144, 145, 147) . SpA also induces shedding of TNFR1 in macrophages (147) . The cleavage of TNFR1 is mediated by interaction with EGFR. SpA interaction with EGFR leads to activation of TACE, which is activated via phosphorylation to then cleave TNFR1 (147) . Mice lacking TNFR1 have reduced severity of pneumonia analogous to wild-type mice infected with the spa null strain (144) . The magnitude of TNFR1 signaling in the host response to S. aureus in the lung is perhaps best illustrated by the observation that MyD88 null mice, which are substantially impaired in TLR-NF-B activated gene expression, are nonetheless able to readily clear the infection (394) .
D. Secreted Toxins and Their Targets
Once adherent to the airway mucosa, S. aureus sense this environment (106) and express a host of gene products ("virulence factors") that support their proliferation. The production of numerous toxins, some with specificity for human immune cells, indicates their longstanding adaptation as human pathogens (FIGURE 2).
Hemolysin-␣-toxin-Hla
A major secreted virulence factor of S. aureus is the ␣-toxin or ␣-hemolysin (encoded by hla), a pore-forming toxin that assembles into heptamers at the cell membrane leading to loss of small ions and cytotoxicity (402) . Cell death is mediated by activation of the inflammasome (82, 285), as discussed below, and cell damage-associated loss of epithelial barrier function. The production of ␣-toxin is mediated by the global agr regulatory system (281), with higher ␣-toxin expression in the epidemic USA300 isolates, and correlative virulence among S. aureus strains (51). Hla production is also increased upon interaction with epithelial cells (53, 84, 234, 274), leading to altered ciliary beat frequency, calcium fluxes, and proinflammatory signaling (352, 478) . S. aureus mutants lacking ␣-toxin are significantly attenuated for virulence in murine pneumonia models, associated with less mortality, reduced pulmonary inflammation, and increased clearance from the lung (24, 49, 50). The ␣-toxin binds the metalloproteinase ADAM10 which leads to epithelial barrier disruption and E-cadherin cleavage (180, 463) . This was demonstrated in an epithelial-specific ADAM10 knockout mouse (180) that was resistant to lethal pneumonia, had improved alveolar structure after infection, and had reduced leukocyte influx. Direct application of purified ␣-toxin to perfused lungs also decreased epithelial barrier function and caused vascular leakage (27, 53, 263, 320, 382) .
Due to its important role in pathogenesis, ␣-toxin has been an active focus of vaccine development. Passive transfer of ␣-toxin antibodies to naive mice (4, 51) and rabbits (124, 409) confers protection in models of pneumonia. Chemicals with structural similarity to ␣-toxin (␤-cyclodextrin compounds) reduce epithelial cell injury and pneumonia (336, 337) . In vaccine trials, mice immunized with ␣-toxin mutants lacking pore formation have improved clearance, decreased vascular permeability, and reduced mortality when challenged with wild-type strains (51, 176).
Phenol soluble modulins
The phenol soluble modulins (PSMs) are small peptides referred to as modulins due to their ability to induce cytokine release. They are cytolytic, forming pores in host membranes. There are several PSMs so far identified in MRSA USA300 (453) . USA300 expresses greater quantities of PSMs than other strains, and these include four short (alpha; ϳ20 amino acids) and two longer (beta; ϳ40 amino acids) types (234) . MRSA produce mec-PSM encoded by the SCC-mec locus, likely to also contribute to pathogenesis (331) . The PSMs (psm␣, psm␤) are regulated by the agr system independent of the RNAIII regulatory RNA (330) and influence Hla expression (32). Their secretion is via the Pmt transport system that is essential for bacterial growth and facilitates immunity to PSM-producing strains (68). Sensing of PSMs by the host is via the ubiquitously expressed formyl peptide 2 receptor, which leads to activation and lysis of neutrophils and DCs, and contributes to virulence in skin models of infection (215, 331) . In models of pneumonia, mutants lacking the PSMs induce less pulmonary pathology, injury, and bacterial burden compared with wild-type strains (32).
S. aureus toxins that are specific for human immune cells
There are numerous staphylococcal toxins that are specific for human leukocytes. Thus the data generated over the past two decades using animal models of infection may not accurately reflect what occurs in human pneumonias. The best studied of these toxins is Panton-Valentine leukocidin (PVL).
PVL
PVL is a toxin that forms octomeric pores at the cell membrane of neutrophils, monocytes, and macrophages, encoded by the cotranscribed genes lukF-PV and lukS-PV integrated into the genome by a bacteriophage (327) . PVL has significant host specificity, limited to humans and rabbits (103, 119, 135, 142, 233, 239, 269) , targeting neutrophils and macrophages via the C5a complement receptors (20, 103, 239, 407) . PVL can directly alter Ca 2ϩ stores (422) . Due to its host specificity, there has been some dispute regarding the in vivo role of PVL in pneumonia, based on studies performed in animal models (48, 49, 103, 220, 244, 441, 444) . Direct instillation of the toxin induces acute lung injury in rabbits leading to necrotizing pneumonia and is associated with robust expression of IL-6, IL-8, TNF, and IL-10. Much of this inflammation and damage is a result of neutrophil lysis attributed to apoptosis via caspases 3 and 9 (138) . Neutropenic rabbits have significantly reduced in- flammation, NF-B, and cytokine production (244) . Other markers of lung injury in the rabbit model of pneumonia indicate that strains lacking PVL cause less mortality.
The ␥-hemolysin HlgCB targets the same human C5a receptors (C5aR and C5L2) as PVL to cause toxicity in human neutrophils and macrophages (318, 408) . HlgCB requires intracellular acidic calcium stores to induce a rise in free Ca 2ϩ (422) . The other ␥-hemolysin, HlgAB, utilizes CXCR1, CXCR2, and CCR2 as target receptor sites (408) .
LukAB/GH targets the human CD11b subunit of the integrin Mac-1 resulting in cytotoxicity of neutrophils, macrophages, and monocytes (108, 249, 442) . LukAB causes neutrophils to release extracellular DNA nets that aid in capture of S. aureus, but does not lead to bacterial killing (250) . As a pore-forming toxin, it is likely that LukAB contributes to S. aureus virulence, possibly through activation of the inflammasome and through targeting critical populations of immune cells.
LukED is an additional bicomponent toxin, not limited to human targets. It interacts with CCR5 on macrophages, T cells, and dendritic cells, while it targets neutrophils and monocytes via the chemokine receptors CXCR1 and CXCR2 (7, 345) . LukED is able to lyse both human and murine neutrophils, macrophages, T cells, and monocytes (6, 7, 345) and is likely to contribute to the pathogenicity of S. aureus in many of the models studied.
E. Contribution of Host Signaling to S. aureus-Induced Pathology
The ability of S. aureus to activate excessive proinflammatory signaling is a major mechanism of pathogenesis, via the stimulation of redundant mechanisms of cytokine production and phagocyte recruitment. This leads to airway damage that interferes with the efficient clearing of staphylococcal infection (FIGURE 2).
Inflammasome signaling
Many of the toxins described above contribute to the activation of the NLRP3 inflammasome; a cytosolic structure that responds to two separate stimuli, bacterial PAMPs via TLR and pore formation. This leads to caspase-1-mediated release of the potent proinflammatory cytokines IL-1␤ and IL-18 and cell death via pyroptosis (31). Pyroptosis may or may not result in death of S. aureus by activating the inflammasome but, nonetheless, is a major stimulus for neutrophil recruitment, a critical component for staphylococcal clearance (229, 270) .
Detection of S. aureus peptidoglycan and lipoteichoic acid (82, 285) is often the initial stimulus, induced by lysozymebased degradation releasing cell wall fragments (384) with toxin-induced pore formation providing the second stimulus. Initially the ␣-toxin was demonstrated to function as the essential pore, but subsequent studies have demonstrated that ␤-and ␥-toxin as well as PVL all can activate the NLRP3 inflammasome (82, 173, 285, 318, 384) .
The role of the inflammasome in S. aureus infection has been best studied in the skin and the lung. In the skin IL-1␤ production is required for neutrophil recruitment to clear the infection (270) . Whether the activation of NLRP3 signaling contributes to lung damage through excessive inflammation, or whether this response is critical to control S. aureus infection remains to be established. IL-1␤ drives the production of IL-17 by ␥␦ T cells to help clear infection (247) . In airway epithelial cells, IL-1␤ induces IL-8 and MCP-1, both major chemokines (318) . The IL-1␤-induced responses may be excessive as mice lacking NLRP3 exhibit less severe pneumonia in response to S. aureus pulmonary infection and reduced mortality compared with wild-type mice (201) . In this model lung injury was not strictly dependent on IL-1␤ as IL-1R null mice were observed to have higher bacterial burdens (349) . However, blocking of IL-1 signaling with the receptor antagonist Anakinra reduces S. aureus-induced pulmonary pathology (77). The inflammasome-mediated immune responses are clearly an important element of innate immune signaling, stimulated by many staphylococcal components, and may be a useful target for immunomodulation. It appears likely that the regulation of this response is critical in whether this is beneficial in the lung, or if the resultant inflammation contributes to loss of pulmonary function and mortality.
Type I IFN signaling
S. aureus airway infection activates type I IFNs in both in vivo and in vitro models (255) and results in induction of transcription factors, STAT1, STAT2, and STAT3 (255), through several different IFN regulator factor (IRF) transcriptional activators (217, 310 (184, 417) . Type I IFNs exert their influence on a variety of cell types influencing cell function and antimicrobial production (148, 429) . The type I IFN response to MRSA triggers lung damage through excessive inflam-mation, as mice lacking the IFNAR receptor are protected from severe pulmonary infection in contrast to the high mortality exhibited by wild-type controls (255, 307, 309) or by exogenous stimulation of this pathway (426) . Lung damage activated by different strains of S. aureus has been attributed to their overall ability to induce IFN-␤ (307) and differing mechanisms of activation through TLR9-IRF1 (309) or the NOD2-RIP2-IRF5 pathway.
Type III IFN (IFN-) signaling
S. aureus also activates the type III IFN pathway to contribute to the excessive inflammation characteristic of staphylococcal pneumonia. Type III IFN signaling shares many common effectors as the better studied type I IFN cascade (231, 299) , but differs importantly in the distribution of its receptors, which are expressed predominantly on mucosal and hepatic cells (401) . The IFN-members [IL-28A/B and IL-29 (only in humans)] signal through the IL-28 receptor (IL-28R) that is primarily located on epithelial cells in contrast to IFNAR that is ubiquitous (401) . What differs in the transcriptome of type I and III IFN is the intensity and duration of the response, with type I activated early and strongly and type III induced over time at lower levels (38, 251). IFN-is especially important in the immune responses to mucosal pathogens such as S. aureus (36, 78).
Mice lacking IL-28R show resistance to S. aureus pneumonia with improved bacterial clearance, decreased cytokine production (KC, GM-CSF, IL-1␤), and decreased pulmonary pathology (78). Downstream of the IL-28R stimulation, miR-21 suppression of PDCD4 is reduced via STAT3, resulting in the induction of cytokine production. Outcomes from S. aureus pneumonia were improved in mice lacking PDCD4 (78), consistent with the observation that redundancies in proinflammatory signaling contribute to lung damage elicited by S. aureus, and especially the USA300 MRSA strains.
F. T Cell Activation by S. aureus
One of the best-studied mechanisms of pathological inflammation induced by S. aureus is that associated with the production of superantigens (232, 253, 272) . The staphylococcal superantigen TSST-1 was the first to be analyzed in detail. TSST-1 causes systemic cytokine storm through activating T cells via crosslinking of the T cell receptor (TCR) [through recognition of V␤ chain types unique to each superantigen (118)] with MHC class II molecules on antigen presenting cells (232, 253, 272) . This causes widespread T cell proliferation, cytokine production, and apoptosis (338) . Several additional superantigens have been well characterized such as SEA and SEB (16, 107, 130, 257, 291) and have been associated with pathological inflammatory responses in the lung. The USA300 strain of S. aureus encodes three characterized superantigens: SelX, SEK, and SEQ (104, 465) . Thus several S. aureus gene products are capable of activating CD4 T cells in the setting of pulmonary infection (311). Mice lacking Rag2 or Cd4 had improved clearance of USA300 MRSA and preserved lung architecture. The Cd28 Ϫ/Ϫ mice lacking the critical T cell costimulatory receptor were protected from pathology due to toxic shock and similarly had increased staphylococcal clearance with decreased amounts of proinflammatory cytokine expression (10, 11, 339, 358, 420) . Further evidence for a pathological role for T cell activation in the early innate immune response to S. aureus airway infection was provided by studies blocking the effects of the T cell cytokine and chemoattractant IL-16 (466) , which was induced not by a superantigen, but by SpA (5).
G. Natural Killer Cells
Natural killer (NK) cells (14, 83) are important in innate responses to S. aureus, and their activation is determined by the environment in the lung (451) . In response to staphylococcal infection, NK cells are rapidly recruited to the airway, and depletion of NK cells increases the susceptibility of mice to S. aureus infection (397) . A similar result is observed in IL-15 knockout mice, which have naturally lower levels of NK cells. Production of TNF is important to the function of NK cells as mice expressing NK cells deficient in TNF production are highly susceptible to infection (398) . In addition, NK cells enhance the ability of alveolar macrophages to phagocytose S. aureus through an unknown mechanism (397, 481) .
H. Neutrophils
Neutrophils have long been recognized as critical for host defense against S. aureus infection, as documented by the genetic data linking humans with defective neutrophil function and recurrent severe staphylococcal infection (229) . Neutrophils are readily recruited to sites of staphylococcal infection by the chemokines IL-8, MIP-2, and MCP-1 and are activated by the S. aureus surface components, peptidoglycan, lipoteichoic acid, and polysaccharide as well as several of the toxins made by S. aureus (146, 214, 374, 453) . Once activated, neutrophils phagocytose and destroy bacteria through reactive oxygen species, superoxide production, and phagolysosome degradation. Generation of damaging oxygen radicals can be detrimental to the host as well as the staphylococci, as can be the release of cytotoxic granule contents from toxin-induced lysis of neutrophils (103) . Neutrophils also produce extracellular traps containing chromatin, histones, and granule proteins to catch and destroy bacteria, and delayed removal of these neutrophil extracellular traps (NETs) can lead to proinflammatory cytokine production and tissue injury (44, 242, 295) . Depletion of neutrophils increases the susceptibility of mice to S. aureus infection, and neutropenic mice show increased bacterial loads in the lung and decreased survival in re-
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sponse to S. aureus (348, 349) . Having ingested S. aureus, neutrophils may undergo programmed cell death such as apoptosis and the RIP-1 kinase-dependent process necroptosis (151, 211) . S. aureus also influences efferocytosis, the clearance of neutrophils by macrophages. Furthermore, neutrophils containing S. aureus increase expression of CD47 that prevents macrophage phagocytosis (151).
I. Macrophages
Macrophages are critically important in regulating immune responses through their selective display of surface proteins that promote or suppress inflammatory signaling by many other types of lymphocytes. They are targets for many of the staphylococcal toxins outlined above. Neutrophils, which may be highly susceptible to several staphylococcal toxins, are rapidly replenished from the bone marrow. In contrast, pulmonary macrophages are generated in the local tissues and may not be replaced as readily or by cells with appropriate regulatory phenotypes (155) . Transient depletion of alveolar macrophages using clodronate results in excessive mortality in murine models of pneumonia, whereas loss of DCs did not increase morbidity (256) . While macrophages participate in phagocytosis, they are not as efficient as neutrophils in pathogen uptake. The resting anti-inflammatory state of airway macrophages may also be important in controlling lung damage associated with inflammation. The presence of M2 anti-inflammatory macrophages during influenza insult curtails inflammatory damage by production of the anti-inflammatory cytokines IL-10 and TGF-␤ (450) . Various forms of cell death contribute to the inflammatory cytokines released by macrophages. In humans, caspase-4 mediates an apoptotic death that leads to the release of IL-1␣, a potent inflammatory cytokine (61). IL-1␣ is also produced through another form of cell death, necroptosis. Necroptosis is a highly inflammatory form of cell death mediated by receptor-interacting serine-threonine kinase 1 (RIP1) and RIP3 through mixed lineage kinase domain-like (MLKL) that forms a pore leading to loss of membrane integrity. S. aureus induces necroptosis via several of its pore-forming toxins, ␣-toxin, LukAB, and PSMs (210) . Mice deficient in the ability to undergo necroptosis have decreased proinflammatory cytokine production and improved lung architecture.
J. Immune Evasion
A major feature of S. aureus pathogenesis is clearly the initiation of robust proinflammatory immune signaling and the recruitment and activation of the phagocytes that ensues. Not surprisingly, these organisms have potent mechanisms to avoid phagocytosis, by either impeding uptake or resisting intracellular killing. While S. aureus is, strictly speaking, an extracellular pathogen, an extensive literature details its ability to persist within host cells, both immune and stromal, and in some cases to proliferate (26, 84, 152, 193, 266, 357, 431) . S. aureus also uses quorum sensing (9, 117, 212) to coordinate gene expression, promoting the formation of biofilms that protects many members of the bacterial community from exposure to phagocytes, antibody, and complement.
To prevent phagocytosis, S. aureus has several mechanisms to block complement and antibody mediated opsonization (the effects of proteins A are described above). However, despite major efforts to identify the correlates of protective immunity against S. aureus infection, vaccines developed to generate specific anti-staphylococcal proteins have been unsuccessful (127, 207, 378) . Thus the ability of these organisms to thwart opsonization and phagocytosis by both neutrophils and macrophages has been highly successful.
Complement
S. aureus expresses several proteins that protect it against the complement system. Two proteins, SpA and Sbi (S. aureus IgG binding protein), can both bind IgG in addition to components of the complement cascade. Sbi promotes survival in the blood, while SpA has proven important in models of pneumonia (50, 144, 400). Four other complement evasion proteins are staphylococcal complement inhibitor (SCIN), chemotaxis inhibitory protein of staphylococci (CHIPS), extracellular complement binding protein (Ecb), and its homolog extracellular fibrinogen binding protein (Efb). The presence of SCIN aids in protection against phagocytosis and neutrophil killing via preventing the formation of C3 convertases (351) , and CHIPS inhibits neutrophil and monocyte chemotaxis via binding of C5a receptors (89, 326) . Ecb and Efb have both been studied in vivo. In a model of pneumonia, mutants in either gene are cleared more effectively than wild-type strains, possibly due to their ability to block neutrophil recruitment (188) .
K. Staphylococcal Superinfection Following Influenza
Viral infections are a major source of increased susceptibility to S. aureus pneumonia, and their ability to perturb the innate immune response is a factor in the ability to clear S. aureus infection. A prime example is influenza. The ability of influenza to increase susceptibility to S. aureus pneumonia has been documented during the major influenza pandemics. The influenza pandemic of 1918 had high mortality and affected many young, otherwise healthy individuals. Many of these deaths were subsequently attributed to S. aureus pneumonia (71, 280). This observation can also be replicated in mice. Mice infected with influenza then S. aureus are more susceptible to infection, leading to more destructive lung damage and subsequent death (185, 216, 228, 398) . Synergism exists between S. aureus, influenza, and host signaling pathways, as infection with either the staphylococci or influenza virus alone was readily cleared.
Type I IFN signaling is likely to play a role in the susceptibility to S. aureus infection. As type I IFN signaling increases susceptibility to S. aureus and is rapidly induced upon influenza infection, this combination of factors is likely to increase pathology and inflammation (228, 255) . Another pathway by which type I IFN contributes to susceptibility is its effect on the Th17 response. Type I IFNs have been associated with reductions in the Th17 response, which is not observed in Ifnar Ϫ/Ϫ mice, and leading to diminished clearance of S. aureus in the airway (216) .
Th17 signaling is critical in anti-staphylococcal defenses and has been well characterized and highlighted in the setting of influenza. The ␥␦ T cell is a main producer of IL-17 (216) , and these cells rapidly accumulate in the lung after S. aureus infection. Mice lacking ␥␦ T cells exhibit reduced cytokines, immune cell recruitment, and ability to clear infection (70). Influenza infection suppresses Th17 cytokines (IL-17, -22, and -23) (216) attributed at least in part due to increased type I interferons. Removal of Th17 cells leads to reduced clearance of S. aureus. Improved clearance of S. aureus, in the context of influenza co-infection, is improved if IL-23 is overexpressed (216) . These studies provide examples of how induction of innate immune signaling by viral infections (namely influenza) can influence host signaling and the innate immune system, which can increase the susceptibility of individuals to secondary pneumonia.
L. Conclusions
As a human commensal, S. aureus illustrates the ability of bacterial pathogens to retain genetic elements that favor their proliferation in the setting of human infection. This adaptation includes genes that result in antimicrobial resistance as well as immune evasion, specifically targeting multiple components of innate immunity through several complementary mechanisms. This highly successful pathogen expresses surface proteins to colonize the airway as a commensal, failing to elicit a protective immune response. When aspirated into the lower airways, it elicits a robust inflammatory response, associated with substantial pulmonary damage, through activation of inflammasomes and multiple redundant proinflammatory cascades. However, through its expression of toxins and antiphagocytic surface proteins, it can evade host phagocytic clearance and exploit the benefits of inflammation; the disruption of normal mucociliary clearance, the generation of pulmonary edema, and increased availability of carbon and iron sources released from destruction of host tissues.
III. PSEUDOMONAS AERUGINOSA AN AIRWAY OPPORTUNIST
In contrast to S. aureus that is a common component of the commensal airway flora, P. aeruginosa is an environmental opportunist that normally inhabits moist environments such as streams and puddles. With its large genome and many accessory elements (300), P. aeruginosa has the genetic flexibility to rapidly adapt to and flourish in diverse environments. P. aeruginosa display intrinsic resistance to many classes of antimicrobial agents and the ability to acquire resistance in response to antimicrobial exposure. Thus, when P. aeruginosa contaminates the airways of a susceptible patient, it rapidly adapts to the host immune pressures imposed and is among the most common causes of ventilator-associated pneumonia (369) . With minimal nutritional requirements, it flourishes in the airway and especially in hospitalized patients, outcompeting commensal organisms that cause airway contamination.
The adaptation of P. aeruginosa to the human lung as a component of the pulmonary disease in patients with CF has been exceptionally well characterized from a phenotypic and genotypic basis. There are clearly differences in the chronic colonization of this pathogen to human airways versus the acute adaptation to the lung, as seen in the setting of ventilator-associated pneumonia. While therapeutic trials to target specific P. aeruginosa virulence factors have been attempted, the genetic flexibility of this organism and diverse repertoire of toxins make it likely that mutants resistant to a single drug will arise (462).
A. Attachment and Colonization
As with the other ESKAPE pathogens, P. aeruginosa colonize the airway, are aspirated, and proliferate locally in the absence of an effective innate immune response. Attachment to components of mucin, as mediated by flagella, facilitates clearance (29, 99), whereas pilin-mediated attachment is associated with the generation of local proinflammatory signaling. Organisms that are not cleared shed PAMPs, interact with epithelial receptors, and initiate immune signaling. The adherence of P. aeruginosa to airway epithelial cells has been extensively characterized in vitro, particularly those addressing potential effects of CFTR dysfunction on the binding capabilities of the organism (363).
In the airway, apical receptors for pilin-mediated attachment such as TLR2-linked asialoGM1 (362, 406) are displayed and initiate TLR-mediated proinflammatory gene expression, via MyD88 and NF-B. However, given the abundant mucin layer, few organisms directly interact with epithelial surfaces in the absence of damage (87, 88). Exposed asialylated glycolipids provide receptors for pili, which in turn initiate the tight binding necessary for the function of the type three secretion system and its injected toxins (419) , which mediate much of the acute damage to the airway. Pili encoded by the gene pilA are modified posttranscriptionally by PilO-mediated addition of glucose (399) . Pili attachment to the apical epithelial surface induces actin-mediated cytoskeletal changes resulting in the
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loss of host cell polarity (428) . Relocalization of basal cell components to the apical surface also results in accumulation of NF-B signaling components, increasing the immune response to colonizing P. aeruginosa.
The ability to colonize the airways is greatly facilitated by P. aeruginosa motility, mediated by flagella (414) . Flagella extend out through the bacterial cell wall utilizing components of the type III secretion system and are anchored by a motor complex at the internal face of the cell membrane. P. aeruginosa flagellin is a potent immunostimulant interacting with surface displayed TLR5 as well as the cytosolic NLRC4 inflammasome (FIGURE 3) (128, 267, 282, 287, 421, 477) , generating cleavage of caspase-1, IL-1␤, and IL-18. In vivo there is selection for nonmotile mutants, as these have an impaired ability to bind mucin and are resistant to macrophage engulfment (165, 267, 282, 361, 362) . Flagellin and pilin synthesis are regulated by the alternative sigma factor 54/RpoN, and many clinical isolates from long-term colonized patients are rpoN negative (245) . The presence of flagella, a highly inflammatory virulence factor, is not required for long-term survival within the host, and a selective advantage exists for bacteria that lose flagellin expression. expression of LasR dependent factors in lasR mutant bacteria (91) . The Pseudomonas quinolone signal (PQS) activates its receptor PqsR that increases production of PQS, phenazine, and pyocyanin (121), both of which participate in adaptation to the host, potentially due to a relationship between PQS production and expression of inflammatory LPS (156) . Organisms within the biofilm produce the expoplysaccharides Psl and Pel that firmly attach bacteria to the epithelial surface (79, 80, 186, 243, 260) . As bacteria congregate, recognition of deposited Psl upregulates production of cyclic diGMP (c-diGMP) which in turn increases their Psl production and further propagates biofilm formation (183) .
Biofilm expression
c-diGMP participates in expression of many P. aeruginosa gene products that affect airway infection. Besides inducing biofilm formation, c-diGMP represses flagellar biosynthesis (21). Once the biofilm is established, c-diGMP is suppressed by quorum sensing pathways that turn off genes in the Pel locus (434) . c-diGMP levels have been correlated with antimicrobial resistance (74, 157), indicating that for P. aeruginosa genetic mechanisms of adaptation to the human lung also contribute to antimicrobial resistance phenotypes.
Host factors enhance biofilm formation. Mucus from barrier cells within the epithelium induces mucA mutations, which are strongly associated with biofilm formation and production of the exopolysaccharide alginate (62, 73). Alginate contributes to the structural development of the bacterial community (85, 168, 292) . Along with Pel and Psl, alginate protects bacteria within the biofilm from immune cell clearance and may restrict antimicrobial access (65, 219). During the transition to a biofilm growth mode, spontaneous selection of mucA mutants that promote alginate production allow the organisms to elude phagocytosis (37, 254, 390) . Host proteins are also found within the matrix of the biofilm. Neutrophils release F-actin as part of extracellular trap formation that serve as a scaffold for biofilm growth. Bacterial DNA binds F-actin allowing bacterial colonization and along with alginate provides stimulation for inflammatory signaling and recruitment of inflammatory monocytes while not necessarily resulting in bacterial clearance (131, 290, 312, 316, 373, 461) . The formation of a dynamic bacterial community in the airway composed of both sessile and planktonic organisms provides a source of diverse immunostimulants that are ineffective in eradicating the infecting organisms. aeruginosa has evolved to evade innate immune clearance through alterations in the expression of various gene products. P. aeruginosa has been observed to modify its appendages such as flagella, as well as its LPS and extracellular polysaccharide biosynthesis, express siderophores to scavenge iron, secretion of toxic compounds including antimicrobial agents, as well as the induction of multiple efflux systems to control access to required nutrients.
B. Activation of Host
LPS
P. aeruginosa LPS is composed of a core region, the extracellular O-antigens, and lipid A, which is buried in the cell wall. Signaling activity of LPS is dependent on lipid A, specifically the acylation state of its side chains (132, 483) . A cell wall component of intact bacteria, LPS is also shed from growing organisms and taken up by immune and stromal cells. Lipid A complexes with adaptor proteins MD2 and CD14 and is recognized by TLR4, resulting in activation of MyD88 and TRIF dependent signaling, which is usually activated by endocytosed TLR4 (190, 354, 446) . Recognition of LPS by TLR4 is essential for survival and clearance of P. aeruginosa from the airway, likely leading to both proand anti-inflammatory signaling (395) . Downstream of MyD88, inflammatory cytokine/chemokine production recruits neutrophils to the site of infection to phagocytose and kill bacteria. TRIF-dependent signaling generated from endocytosed or cytosolic ligands induces production of type I interferons. Type I IFNs inhibit MyD88-dependent inflammatory responses by limiting inflammasome activation and protecting the lung from inflammatory damage (76, 154). Additionally, type I IFNs have been linked to activation of macrophage and dendritic cells in the airway (305) . Both arms of the TLR4 signaling pathway are required for regulating the innate immune response, and P. aeruginosa has evolved mechanisms for modifying the structure of LPS such that it can alter the nature of TLR4 signaling activation (111, 112, 160) .
During acute infection, lipid A directly influences the degree of inflammatory cytokines produced by host cells, although this specificity is restricted to human compared with murine TLR4. The addition of palmitate to lipid A correlates with an increased IL-8 response from host cells; this modification is often found in isolates obtained
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from nonchronic infections (112) . Palmitate along with aminoarabinose confer protection against cationic antimicrobial peptides (CAMPs) giving isolates containing these alterations to their lipid A a significant survival advantage. Lipid A alterations are controlled via transcriptional regulation (PhoP and PhoQ) of pagP, pagL, and lpxO genes that are responsible for acylation, deacylation, and hydroxylation of lipid A, respectively, and whose expression is determined by environmental conditions (140, 200) . A long-term isolate from a cystic fibrosis patient correlated with a mutation in the pagL gene that is responsible for deacylation, which was also observed in an independently published study of early and chronic infection in cystic fibrosis (75, 112). 
P. aeruginosa activation of types I and III IFNs
C. Effects of Secreted Toxins
Type III secreted toxins
Following attachment to epithelial surfaces, most P. aeruginosa express components of the TTSS. The TTSS is a complex apparatus, and its secreted toxins are a major component of P. aeruginosa virulence in the lung. Expression of type III secreted toxin genes is induced upon contact with the host cell and initiates profound changes in the polarization and metabolism of the eukaroytic targets (164) . Injected toxins modulate signaling pathways responsible for cytoskeletal organization and inflammasome signaling as well as having cytotoxic effects on host cells. The TTSS apparatus is composed of numerous proteins including PscC, which is necessary for activating the NLRC4 inflammasome, independent of effector protein secretion (267) . Novel antibody therapies targeting the TTSS needle have shown some promise in protecting against P. aeruginosa lung damage (105, 454) . For pore formation in the host cell membrane to occur, P. aeruginosa pili must bind asialoGM1 on the host cell membrane (192, 362, 419) . Once the pore has formed, the bacteria inject a cocktail of proteins made up of combinations of ExoU, ExoY, ExoS, and ExoT. Individual bacterial isolates do not necessarily express each effector, but they have major effects on the host. This is a tightly regulated system that is suppressed under metabolically unfavorable conditions but contributes significantly to lung damage associated with acute P. aeruginosa infection (164).
The patatin-like exotoxin ExoU is a target for host ubiquitination, which activates phospholipase, a characteristic shared by many other bacterial species (368) . This phospholipase targets eukaryotic membranes, but is inactive against prokaryotic cells lacking ubiquitin (8) , providing target specificity (368) . Expression of ExoU has been correlated with increased virulence of clinical isolates especially in the ICU setting, corresponding to its substantial induction of host cytotoxicity (175) .
ExoS is a bicomponent toxin that has separate GTPase activating and an ADP ribosylating activity (416) . It shares substantial homology and activity with ExoT, and both type III toxins perturb the actin cytoskeleton. ExoT affects numerous host targets including Rac1 and cell division (97) . Infections due to organisms expressing ExoS/ExoT are associated with increased rates of bacteremia in murine models of pneumonia (405) . ExoS and ExoT can impair phagocytic killing by neutrophils (164) contributing to bacterial persistence in the lung (341) . Therefore, through either direct killing of host cells, or by modifying host signaling pathways, the TTSS effector proteins enable P. aeruginosa to avoid clearance by the innate immune system.
While important for bacterial dissemination during acute infection, expression of TTSS components is reduced in colonizing strains of P. aeruginosa (187) . The bacterium is able to sense the host and regulates expression and activation of the TTSS through the RsmAYZ regulatory cascade (294) . Furthermore, mucA is part of the regulatory pathway upstream of TTSS expression, and selection of mucA mutants also selects for bacteria lacking TTSS expression (469) . P. aeruginosa isolates from CF patients that have adapted to the airways through mutations in mucA suppress the expression of the type III secretion genetic network (181) . Therefore, as with other virulence factors such as flagella, expression of TTSS needle and effector proteins is repressed facilitating the selection of clones that evade detection by the innate immune system and eradication by the host.
D. P. aeruginosa Induction of Epithelial Signaling
Polarized epithelial cells form the primary barrier that maintains the air-liquid interface at the mucosal surface. They maintain the barrier with transmembrane junctional proteins anchored to the actin cytoskeleton by a complex of intracellular proteins. Human airway epithelial cells express an array of TLRs (13, 284) whose participation in bacterial recognition depends on their localization. While TLR2 is surface expressed and upregulated by exposure to P. aeruginosa (406) , TLR4 is present within endosomes and mediates signaling through TRIF to induce anti-inflammatory responses (190) . Flagellin is sensed by TLR5; however, in polarized epithelial cells this receptor is restricted to the basal surface (52), conferring responses to invasive organisms or functioning in disrupted epithelia. Upon stimulation with P. aeruginosa, the airway epithelium produces a number of cytokines including IL-8, IL-6, and GM-CSF (57, 222, 308). Cytokine production is dependent on multiple TLRs including TLR2, TLR4, and TLR5 as well as expression of MyD88. These cytokines are essential for innate defense against Pseudomonas, as mice lacking epithelial MyD88 are unable to control P. aeruginosa infection (268) . However, in diseases such as cystic fibrosis, epithelial signaling abnormalities have been suggested as a primary mechanism of immune dysfunction. Excessive epithelial proinflammatory cytokine production can result in tissue damage through effects on recruited immune cells. GM-CSF, for example, increases macrophage production of TNF and promotes survival of neutrophils, adding to the inflammatory cycle (77, 356, 392).
The epithelium responds to numerous Pseudomonas products including flagellin and pyocyanin by upregulating mucin genes (29, 162, 235, 333) . Specific mucins are essential in the regulation of epithelial inflammatory responses, functioning to inhibit TLR5 interaction with MyD88 (197) and PPAR␥-dependent cytokine production (304, 435) . Mucin can also potentiate infection. Mucin can influence the innate immune response (241) , in addition to mediating attachment of P. aeruginosa to the epithelium (195) , and promoting alginate and biofilm production as previously discussed.
Pyocyanin, regulated by transcriptional regulators LasR and OxyR, is produced by all P. aeruginosa strains, but at increased levels in biofilms (371, 445) . It can directly interact with host cells, inducing inflammatory signaling and reducing the function of antioxidants GSH and N-acetylcysteine by blocking the dual oxidase-based antimicrobial system (240, 334, 335) . In the epithelium, pyocyanin inhibits V-ATPase activity preventing endosomal acidification and perhaps inhibiting degradation of endocytosed bacteria. Pyocyanin may also negatively affect the function of the chloride channel CFTR, perhaps enhancing disease progression in cystic fibrosis (377 
E. Evasion of Host Defenses
Neutrophils
The central role of neutrophils in the clearance of P. aeruginosa from the airways is best illustrated by the high prevalence of these infections in neutropenic patients, usually as a consequence of chemotherapy (209) . Neutrophils are rapidly recruited to the airway/lung following infection with P. aeruginosa and are essential for the elimination of the infection. Models of P. aeruginosa pneumonia demonstrate significant (Ͼ6 logs) increases in bacterial burden in mice lacking neutrophils, demonstrating that neutrophil function is key for the host response to this organism (72, 105, 381). Subsequently, P. aeruginosa has evolved mechanisms for evading neutrophil-mediated clearance.
Biofilm formation protects the bacterial population from neutrophil uptake. Encased by extracellular proteins, alginate, and DNA P. aeruginosa is protected from surveying neutrophils (248, 317, 403) . Planktonic organisms also thwart neutrophil function. Upon neutrophil contact P. aeruginosa binds siglec-9 on the neutrophil surface, decreasing elastase, reactive oxygen species (ROS), and neutrophil extracellular trap (NET) production (204) . In vivo, P. aeruginosa secretes multiple factors that can inhibit neutrophil function in a contact-independent manner. Alkaline phosphatase (AP) and elastase inhibit chemotaxis (425) and myeloperoxidase-based killing as well as influence oxidative burst and superoxide production (202, 203) . At physiological concentrations, AP and elastase also inhibit phagocytosis, possibly by cleaving surface receptors required for uptake (202) . The presence of pyocanin within a cell inhibits endosomal acidification by V-ATPases and neutrophil death through a caspase-3-mediated mechanism (438) .
Neutrophil death can also be caused by the ADP ribosyltransferase activity of type III toxins (ExoS, ExoT, and ExoU) (101, 418) .
F. Macrophages and Inflammasome Activation
The primary immune cell present in the airway in healthy individuals is the alveolar macrophage. It communicates with the epithelium to coordinate innate responses to shed LPS through gap junction channels (460), producing proinflammatory cytokines that recruit other immune cells and regulate antimicrobial peptide production. While macrophages provide a major function in antigen presentation and stimulation of T cell signaling, they are especially critical in maintaining the anti-inflammatory tone of the resting human airway, preventing excessive inflammatory signaling that compromises normal lung physiology.
In addition to activating macrophages via the surface and endosomal display of TLRs, several P. aeruginosa products activate NLRC4 inflammasome activity through endocytosed flagellin or via PcrV components of the type III secretion apparatus (267, 421) . P. aeruginosa activation of the inflammasome increases lung inflammation due to release of IL-1␤, IL-18, and HMGB1 (77). In addition, IL-18 suppresses IL-17-dependent antimicrobial peptide production from innate lymphoid cells, increasing bacterial survival (77, 116). Given the multiple sources of proinflammatory cytokine production in the airway, activation of the inflammasome in murine models appears to contribute to lung pathology. Depletion of alveolar macrophages significantly improved bacterial clearance and survival in a murine model of P. aeruginosa pneumonia, and mice lacking IL-1R had significant preservation of normal lung architecture in the setting of P. aeruginosa pneumonia (77). A recently described virulence protein RhsT expressed by some P. aeruginosa strains is also capable of activating inflammasome-mediated signaling (218) , indicating that multiple P. aeruginosa gene products contribute to this excessive inflammatory response. While macrophages participate in phagocytosis, it appears that their role in proinflammatory signaling can be excessively stimulated and thus could be a target for immunomodulatory therapy.
G. T Lymphocytes
The participation of T cells in P. aeruginosa pneumonia has been examined in mouse models, in the context of cystic fibrosis lung disease and in vaccine development. In contrast to S. aureus, there does not appear to be pathological T cell cytokine induction in response to P. aeruginosa. Infection, especially chronic infection, stimulates production of T cell-associated cytokines, and Th1-, Th2-, and Th17-associated cytokines are all significantly increased in the airways of CF patients (427) . The importance of IL-17 production and associated neutrophil recruitment has been well established in the effective clearance of Gram-negative pneumonias. Anti-P. aeruginosa vaccines have been designed to include gene products that specifically upregulate Th17 signaling, including components of the TTSS (470) . Innate lymphoid cells (ILCs) participate in the response to P. aeruginosa through their production of IL-22 (265) . As IL-22 also contributes to the integrity of the epithelial barrier in the lung, this may also help to limit system infection (323) . IL-17 production also helps to generate the organization of bronchus-associated lymphoid tissue (BALT), which may be important in orchestrating an effective immune response to P. aeruginosa infection (122) . Of note, there are no data to date suggesting that P. aeruginosa targets human immune cell receptors, in contrast to S. aureus.
H. Conclusions
P. aeruginosa remains a common and much-feared cause of health care-associated pneumonia. In contrast to S. aureus that has multiple human-specific adaptations, P. aeruginosa is more of an opportunist, and its adaptation to the host, as in the porin OprD mutation to resist carbapenems and many other antibiotics, may also facilitate survival in human infection (396) . Its specific interactions with the components of the innate immune system result in a highly proinflammatory host response. Yet these ubiquitous organisms can also evade immunostimulation through growth within a biofilm and suppression of genes that contribute to immunoactivation. The components of the proinflammatory response evoked by P. aeruginosa differ from the signaling initiated by S. aureus. Although both organisms, through different PAMPs and toxins, induce inflammasome activation, the ultimate consequences of the immune response activated are distinct. The production of type III toxins, and particularly the phospholipase ExoU, leads to airway inflammation and loss of barrier function that all contribute to pulmonary pathology, invasive infection, and sepsis. The efficacy of inhibitors of the IL-1 pathway to limit but not totally suppress P. aeruginosa-induced excessive inflammation may provide ancillary therapy, especially for the P. aeruginosa isolates that are resistant to antimicrobial agents.
IV. KPC: KLEBSIELLA PNEUMONIAE AN EVOLVING PATHOGEN
Klebsiella pneumoniae producing carbapenemase (KPC), included as a member of the ESKAPE pathogens, is increasing in prevalence worldwide (40, 324). These highly antibiotic-resistant strains are associated with close to 50% mortality (286, 365, 432) and have achieved recognition by the CDC and World Health Organization as emerging major public health problems (63, 467a). K. pneumoniae have been well recognized as major respiratory pathogens, originally associated with aspiration pneumonias in compromised patients, especially alcoholics (60, 141). The alarming increase in their prevalence has spurred substantial interest in understanding how these organisms are handled by innate immune clearance mechanisms and has raised the question of whether mutants selected for antimicrobial resistance are also selected for their ability to proliferate in the human airway. In contrast to either S. aureus or P. aeruginosa, which have been the focus of pathogenesis studies using isogenic mutants in vitro and in vivo, there are many fewer studies detailing exactly how K. pneumoniae and especially the KPC strains are handled in the lung. However, there are numerous epidemiological analyses that follow the patterns of disease caused by specific KPC clones that have been correlated with pathogenesis in mouse models of infection.
A. Epidemiology
As a member of the Enterobacteriaciae family, K. pneumoniae readily exchange genomic material with other Gram-negative organisms and have the genetic flexibility to adapt to their environment, especially in a health-care related setting. Like MRSA and P. aeruginosa, K. pneumoniae readily adapt through genomic mutation as well as through the acquisition and maintenance of plasmids that mediate expression of carbapenemases among other antibiotic resistance genes. Analysis of the pathogenicity of the newly emerging KPC strains has been determined through whole genome comparisons, identification of expected virulence determinants, and in some cases confirmation of expected phenotypes through the generation and complementation of mutants (34). Whole genome analysis of K. pneumoniae serotype 2 (ATCC 43816) compared with clinical isolates shows high levels of genome conservation between strains (Ͼ96%) and a lack of plasmids (123) . With the acquisition of plasmids and genomic mutations, the K. pneumoniae producing carbapenemases (KPCs) have developed exceptional plasticity. Clinical isolates variably express the chromosomal class A ␤-lactamase, a penicillinase, the broad-spectrum carbapenemases, SHV variants, and many additional plasmid-mediated ␤-lactamases (bla TEM-1 , bla OXA-9 , bla CTX-M-2 , bla KPC-2 , bla KPC-3 ) (340). The efficiency of the ␤ lactamases is potentiated by expression of efflux pumps, alterations in porins, LPS, and PhoP/PhoQ mutations as well as numerous SNPs. There is tremendous genetic diversity in these strains and substantial variability in plasmid acquisition, as reflected in the differing antimicrobial susceptibility patterns and capsular composition within the most common KPC sequence type 258 (ST258) clades (100) . Recent reports emphasize the high transmissibility of the antibiotic resistance plasmids in these clinical isolates between hospitalized patients (230) and high colonization rates even in healthy children, within communities with unrestricted antibiotic use (413) . KPC strains lead to poorer outcome from infection (39), which is associated with host susceptibility as well as the pathogenicity of these organisms. Relatively little is known about the virulence factors that these KPC organisms have acquired, but their fitness in the human reservoir suggests evolutionary advantage (35, 225).
B. Colonization
Most of the available data detailing the pathogenesis of pulmonary infection due to K. pneumoniae are based on studies using a common laboratory strain (serotype 2). A comprehensive signature tagged mutagenesis screen of K. pneumoniae identified a relatively small number of genes required for pulmonary or bloodstream infection (226) , in contrast with either P. aeruginosa or S. aureus. Identified loci associated with pathogenesis were largely limited to the expression of surface polysaccharides. Moreover, while mutants with reduced survival in vivo were identified such as the capsule mutant cpsB, traditional competitive index experiments were unsuccessful. This suggests that wild-type organisms may transcomplement mutants, as has been suggested for other opportunistic pathogens (452) . The cpsB mutants did not evoke a neutrophil response and were able to persist, if not proliferate within the lung, a phenotype that may be relevant to human infection.
Fimbriae
Fimbrial gene clusters expected to be important in cell attachment are located in regions of the genome with increased plasticity (288) . KPCs express multiple fimbrial genes and types 1 and 3 have been associated with pathogenesis with the identification of fimA and mrkD as the genetic loci, respectively (139, 288) . Type 3 fimbrial genes play a major role in the adhesion to multiple surfaces such as collagen IV on respiratory and urinary epithelium (379, 380) and have been associated with colonization of abiotic surfaces such as plastic catheters (297) . Protective immunity is conferred by purified fimbrial proteins (224), supporting the potential for vaccine development (236) . However, K. pneumoniae exhibits high variability in the type 3 fimbrial genes, with horizontal transmission to other Enterobacteriaceae family members such as E. coli (410).
Capsular polysaccharide
The best described virulence factor of K. pneumoniae is the thick capsule of the organism, which contributes to its success as a murine pathogen (226) and has been associated with community acquired infections (430) . Over 77 capsular polysaccharide types have been described and as suggested by the many genomic studies, KPC strains exhibit diversity at these loci as well (12, 45) . These extracellular polysaccharides also contribute to biofilm formation, which enhances the persistence of the microbial community
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by limiting access to phagocytes, antibodies, and antibiotics. Analysis of the capsular polysaccharide (CPS) of clinical isolates of KPCs, including the ST258 strains, revealed diversity in composition and biofilm formation, but little effect of CPS phenotypes on growth. CPS increased resistance to killing by human serum in some strains, but did not consistently affect uptake and killing by a J744.2 macrophage cell line (100) . Virulence in the G. mellonella model (moth) did not correlate with either biofilm formation, macrophage killing in vitro, or with clinical outcomes in patients, suggesting the importance of host factors in overcoming infection (264) .
In animal models, infection by cpsB mutants was not completely attenuated, suggesting alternative mechanisms of virulence (226), a finding that was confirmed in other mouse models of infection. Of note, a KPC strain associated with over 40% mortality in human bloodstream infection was found to be entirely avirulent in a murine model of sepsis, suggesting that either the model does not reflect what occurs in humans, or that antimicrobial resistance and overwhelming infection are the major causes of death (433) . Capsular polysaccharide interferes with airway clearance, an effect that may be associated cps downregulation of human ␤-defensins, with improved bacterial killing by antimicrobial peptides in the absence of the capsular proteins (58, 278).
The correlation between capsular polysaccharide and virulence is more clearly illustrated in the so-called hypervirulent K. pneumoniae (K1), associated primarily with systemic infection (386) . These hypervirulent strains have a hypermucoviscous phenotype caused by rmpA mutations resulting in increased expression of CPS (221, 386) and increased virulence in a murine model of systemic infection (237) . However, the hypervirulent, RmpAϩ phenotype and the expression of carbapenemases thus far do not appear to be linked epidemiologically. No direct correlation between antimicrobial resistant KPC strains, CPS expression, and virulence was observed in an extensive comparison of clinical isolates that included hypervirulent and KPC strains (238) .
As KPCs demonstrate such genetic plasticity in adapting to environmental pressures, there is concern that the development of antimicrobial resistance could also result in increased resistance to innate immune clearance. This may be clinically relevant as subtherapeutic concentrations of antibiotics actually increase production of capsular proteins (166) , an observation that has been made in other pathogens of the carbapenemase resistant Enterobacteriaceae (CRE) family (137) . Furthermore, upregulation of interferons has long been known to be increased in response to capsular proteins (198, 199) , which have been used as an adjuvant to help clear airway infection with influenza virus (347).
C. Iron Acquisition
In contrast to the variable association of CPS production and pathogenicity, there is a well-characterized association between the genes important in iron acquisition and K. pneumoniae virulence, similar to other gram-negative pathogens (120) . Analysis of the hypervirulent strains demonstrated 100% mortality in a murine model of intraperitoneal infection even at a low dose, an effect that was associated with the expression of siderophores, specifically aerobactin (355) . The K. pneumoniae siderophores enterobactin (Ent ϩ ) and yersinobactin (Ybt ϩ ) are also important in pathogenesis. Ent ϩ Ybt ϩ isolates are over-represented among respiratory isolates, and specifically in the epidemic ST258 clones (18). Both of these siderophores are outcompeted by lipocalin 2 (lcn2) in the airways, which contributes to host defenses locally (17, 18, 66) . Of note, K. pneumoniae induction of IL-22 in turn upregulates lipocalin 2 and enhances host defenses in the airway (15).
D. K. pneumoniae Activation of Immune Responses in the Lung
Relatively few specific virulence factors have been shown to contribute to K. pneumoniae infection in contrast to other ESKAPE pathogens. Most published studies of K. pneumoniae pulmonary infection have focused on the components of innate immunity that are involved in the host response to airway infection. The major factors surrounding the ability of K. pneumoniae to persist within the airway and to resist phagocytosis and killing is their relative lack of immunogenicity and failure to stimulate the robust proinflammatory response associated with clearance of other airway pathogens. Whether this is due to structural differences in PAMPs, induction of anti-inflammatory responses, or inhibition of host signaling pathways are all topics under investigation.
The distinct functions and interplay of individual cytokines during K. pneumoniae infection have been carefully dissected (163) . The shared and independent components of IL-23 and IL-12 are important to host defenses, with IL-23 being critical for Th17 signaling and subsequent neutrophil recruitment. IL-17 signaling is also augemented with IL-12-dependent production of IFN-␥. These observations confirmed studies initiated nearly two decades ago demonstrating that IFN-␥ null mice had significantly increased mortality due to pulmonary infection (276, 476) and that IL-12 overexpression improves outcome, in an IFN-␥ dependent manner (149) . Several T-cell populations produce IFN-␥ in response to IL-12 including ␥␦, naïve, and memory T cells (149, 275) . Consistent with the participation of STAT4 and IL-12 in host defense, STAT4 knockout mice had a greater bacterial burden in the lung with decreased expression of proinflammatory cytokines, but no differences in numbers of phagocytes in the bronchoalveolar lavage fluid (BALF) of the K. pneumoniae-infected mice (96) .
Proinflammatory signaling is important to K. pneumoniae clearance as demonstrated by the increased mortality in TNFR1-deficient mice (277) , as well as MyD88/TRIF double knockout (56). Strategies to increase proinflammatory signaling in the airway during K. pneumoniae infection have been proven successful by CCL3 (MIP-1␣) intrapulmonary expression (479) or intratrachael CpG oligodeoxynucleotides (ODN) instillation (95) . TLR9 signaling by CpG led to enhanced cytokine expression (TNF, IL-12, and CXCR3 chemokines) improving K. pneumoniae clearance. CpG ODN also recruited various inflammatory cells into the lungs (␥␦ T cells, NK cells, and neutrophils), with TLR9-dependent recruitment and maturation of DCs (129) . Cooperative roles of TLR4 and TLR9 signaling are involved in the activation of macrophages and induction of adaptive immunity (IL-23 and IL-17) (33), with TLR4 playing a central role in host defense (376) . From the published literature it is unclear why K. pneumoniae in general, and specifically the KPC organisms fail to elicit a robust and protective immune response from an immunocompetent host.
Little is known about the mechanisms of cellular death in response to K. pneumoniae, but a small group of studies suggest that pyroptosis likely plays a vital role in bacterial clearance (455) . For example, IL-1␤ production has been suggested to be associated with NLRC4 (55), ROS (67), and NLRP3/ASC-dependent (464) responses associated with pyroptosis. Bacterial clearance and survival from K. pneumoniae infection were worse in mice lacking components of this cascade. However, the toxins and specific K. pneumoniae PAMPs involved have not yet been defined.
E. K. pneumoniae Interactions With Leukocytes
Historically, the expression of capsular polysaccharides has been associated with K. pneumoniae resistance to phagocytosis, although this may vary from strain to strain (FIGURE 4) (81). The abundance of sialic acid in the capsular polysaccharides of the hypervirulent K. pneumoniae was recently recognized, sialic acid being a common modification of eukaryotic surfaces and, hence, not immunogenic. Moreover, the presence of multiple sialic acid moieties and their negative charge could also contribute to neutrophil repulsion (227) . Several studies have identified factors that inhibit opsonization of K. pneumoniae by phagocytes including wzm (LPS O-antigen transporter), clpx (protease subunit), and outer membrane proteins (252, 302).
Macrophages
The activation of macrophages is an important factor in the ability of the host to efficiently clear K. pneumoniae from the airway, as first demonstrated in a model of infection in alcoholic mice (296) . Few publications detail the interactions of this pathogen with fully characterized alveolar macrophage populations. These cell populations are clearly important to host defense as mice lacking resident macrophages were more likely to die from pulmonary infection, due to impaired neutrophil recruitment (47). Pulmonary expression of CXCL10, which acts as a chemokine for several cells types including macrophages/monocytes and T cells, was important in mediating K. pneumoniae clearance (480) . Additionally, treatment of mice with c-diGMP, which stimulated the recruitment of T cells, NK cells, neutrophils, and specifically activated macrophages also enhanced the clearance of K. pneumoniae from the airway (194) . Consistent with these findings, treating mice with GM-CSF to stimulate the polarization of macrophages to the phagocytic inflammatory phenotype also enhanced K. pneumoniae clearance (411) . Less clear from the published literature is the reason why K. pneumoniae compared with either S. aureus or the more closely related gram-negative P. aeruginosa fail to elicit a more robust activation of macrophages on their own.
Neutrophils
The recruitment of neutrophils and their subsequent cytokine signaling are critical to the clearance of K. pneumoniae with the activation of the expected proinflammatory signaling cascades are activated in response to K. pneumoniae. For example, TLR4-mediated responses to K. pneumoniae LPS activate cytokine and chemokine expression including production of IL-1␤, IL-17, and CXCL1, critical to the early host response to infection (55, 376). CXCL1 then propagates proinflammatory signaling through NF-B, MAPKs, and the induction of CXCL2 and CXCL5 (54, 150) . Independent studies demonstrate that K. pneumoniae infection stimulates CCL2 signaling from resident or recruited monocytes, promoting recruitment of more neutrophils, upregulation of CCR2 expression, and increasing G-CSF production (19).
Factors that inhibit neutrophil function contribute to K. pneumoniae pathogenesis. For example, deficiency in adenosine 2B receptor attenuates inflammation by neutrophils, with deletion of the gene thereby enhancing extracellular bacterial killing and NET formation (23). The importance of NET formation in K. pneumoniae clearance has been observed (383, 455) , likely acting through a neutrophil elastase-dependent digestion of nucleosomal digestion, chromatin decondensation (303) , and upregulation of cytoplasmic proteins (2) . However, the in vivo role of NET formation in the clearance of gram-negative pathogens such as E. coli or K. pneumoniae has been questioned, particularly compared with larger organisms such as yeast (42).
DCs
Participation of DCs in host defenses against K. pneumoniae pulmonary infection was shown to involve the induction of IL-12, IL-23, and IL-17, which are critical for host defenses against this organism (163) . The specific role for DCs themselves in the clearance of K. pneumoniae infection has not been fully defined as it has for other ESKAPE pathogens (256) , but numerous subsets of DCs are stimulated by these organisms (159) . K. pneumoniae activated DCs also participate in stimulating NK cells (439) , which are important in K. pneumoniae clearance by virtue of their expression of IL-22 (471) . However, the presence of K. pneumoniae CPS interferes with DC activation. The shared O-antigens of CPS and LPS have been shown to interfere with DC maturation and pro-Th1 cytokine production (113) . CPS expression in fact impeded opsonization by DCs, as well as their maturation through decreased expression Th1 cytokines, CD83 and CD86 (41), as well as TLR4 expression (343) compared with capsular mutants.
The more recently described myeloid-derived suppressor cells (MDSCs) also participate in K. pneumoniae clearance. Recombinant G-CSF administration improves survival from K. pneumoniae pneumonia through STAT3, a key regulator in the expansion of MDSCs (133) . MDSCs play a vital role in the efferocytosis of K. pneumoniae infected and apoptotic neutrophils, through the production of IL-10 that is important for the resolution of inflammation (325).
T cells
The participation of Th17 cells is critical in K. pneumoniae host defense in the lung detailed in studies dissecting the participation of individual elements of this cascade using mice with targeted deletions in IL-12, IL-23, and IL-17 (163) . Additional studies document the importance of IL-17 or IL-17RA in K. pneumoniae clearance, as mice lacking IL-17RA have decreased production of G-CSF and decreased neutrophil recruitment compared with controls. Exogenous treatment with IL-17 in mice lacking the upstream mediator IL-23p19 results in recruitment of neutrophils and improved clearance of the organisms (163, 475) . Thus, in contrast to the pathological responses activated by staphylococcal superantigens, the participation of Th17 cells is a major factor in the successful eradication of the organisms in the murine model of pneumonia.
Intracellular killing
Once phagocytosed, not all airway pathogens are killed through identical mechanisms or with equal efficiency. Neutrophil killing of K. pneumoniae is dependent on myeloperoxidase, through direct killing and inactivation of elastase (171) . Ingested K. pneumoniae induce CXCL1 expression that upregulates NADPH oxidase and inducible nitric oxide synthase, as well as production of leukotriene B 4 , effectors which act as chemokines for neutrophil mobilization and in promoting bacterial death (25). The composition of the capsular polysaccharide affects intracellular killing by neutrophils, with an enhanced respiratory burst in response to the presence of di-Man/Rha, likely through early and late complement activation (359) . The success of KPC multidrug resistant clinical isolates has been accompanied by increased resistance to neutrophil killing (92) . KPC strains have been found to have alterations in the induction of the respiratory burst and release of reactive oxygen species compared with antibiotic-sensitive strains (94, 359) . Exactly how this phenotype contributes to in vivo pathogenesis remains to be established. In contrast, despite increasing antibiotic resistance, multidrug resistant KPC appear to remain susceptible to human AMPs (360).
F. Epithelial Inflammatory Signaling
Signaling by the airway epithelium is an important component of the innate immune response to airway pathogens and is an important source of proinflammatory cytokine production, which is well illustrated in the studies of S. aureus and P. aeruginosa infection in cystic fibrosis (76). K. pneumoniae CPS can increase TLR2 and TLR4 expression in human airway epithelial cells (343) . Cytotoxicity of airway epithelial cells was suggested to be due to CPS, consistent with studies demonstrating a lack of virulence associated with infection by a cps mutant (59). In agreement with these observations, TLR4 activation by K. pneumoniae has been shown to upregulate GM-CSF, protecting the airway epithelium from injury (411) .
However, the presence of CPS interferes with the induction of epithelial IL-8 and intracellular adhesion molecule, suppressing recruitment of the phagocytes (343, 344) . This downregulation of NFB-dependent gene expression has been attributed to upregulation of CYLD, a deubiquitinase that limits MAPK phosphorylation via MAPK phosphatase-1 (MKP-1). CYLD activity is also a consequence of EGFR signaling, a potential ligand for CPS components (129) . Exactly how K. pneumoniae interaction with deubiquitinating enzymes contributes to pathogenesis remains to be fully explained, but is a major virulence mechanism exploited by other pathogens (482) .
G. Conclusions
As should be evident from this review the interactions of K. pneumoniae, specifically the KPCs, and the components of host innate immune clearance are not as clearly defined as for other major human pathogens. Substantial data confirm the importance of activating innate immunity, especially through induction of IL-12/IL-23/IL-17 signaling and the recruitment of neutrophils into the lung. In contrast to S. aureus, it appears that the lack of immunostimulatory activities, and especially the impaired activation of macrophages, facilitates pathogenesis. In addition, septicemia appears to be a common complication of pneumonia, both in humans and in rodent models, further contributing to mortality. Therapeutic strategies to improve innate immune clearance, perhaps through proinflammatory agents, may enhance clearance of these organisms. Given the genetic flexibility of these organisms, it would appear that strategies to target the major virulence factors such as the capsular polysaccharide, are less likely to be successful given the likelihood of selection of mutants able to evade therapy which is focused upon a single or limited number of gene products.
V. OVERALL CONCLUSIONS
The ESKAPE organisms, grouped as a common and formidable cause of severe and often fatal hospital-associated pneumonias, share tremendous success as human pathogens. These organisms display impressive adaptability to what should be a hostile environment, with selected clones proliferating within the human lung through rapid evolution in response to environmental pressures imposed by antimicrobial agents and immune clearance mechanisms. Each of these pathogens has made major adaptations to the human airway. Despite their epidemiologic commonalities, each of the organisms detailed has distinct biological features, and each has species-specific interactions with the host, which may require targeted enhancement of immune defenses.
S. aureus and the epidemic USA300 MRSA strains are a component of the commensal flora that express an exceptional repertoire of adhesins and toxins to accommodate colonization and proliferation within the lung. Likely as important in pathogenesis as toxin production, P. aeruginosa rapidly adapts to the airway mucosa forming dynamic biofilms that serve to protect the bacterial community from phagocytic and antimicrobial clearance. As a consequence of its exceptional genetic flexibility, P. aeruginosa efficiently adapts to the milieu of the airway, altering its LPS composition, secreted polysaccharides, and upregulating the activity of broadly active efflux pumps. In combination with its minimal metabolic requirements, P. aeruginosa is the consummate opportunist.
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Innate immune clearance of the carbapenemase-producing K. pneumoniae presents significantly different challenges than the better-studied P. aeruginosa or MRSA. Although the benefits of whole genome sequencing have greatly enhanced the understanding of the clonality, diversity, and epidemiology of KPC infections, there are limited data detailing how this seemingly inert organism persists within the airway. In contrast to MRSA or P. aeruginosa, relatively few KPC virulence adhesins or toxins have been described. These organisms regulate the composition and amount of extracellular polysaccharide as their major mechanism to facilitate proliferation in the human host. Based on the studies of the laboratory strain serotype 2, it is likely that KPCs function as "stealth" pathogens, which fail to stimulate the robust immune response associated with MRSA or P. aeruginosa. Lack of activation of macrophages in KPC clearance seems likely and may provide a target for immunotherapy. In contrast to the staphylococci, there may be an association between the antibiotic resistance of the KPCs and their adaptation to innate immune clearance within the lung, primarily through changes in capsular polysaccharide. There appears to be a relatively indolent pace of KPC infection, until the bacterial load becomes excessive and bloodstream invasion and sepsis occur. Thus there may be a window between colonization and severe infection that would provide an opportunity for targeted immunotherapy to enhance clearance of these organisms. However, given the exceptional genetic flexibility of KPCs, as well as the other organisms that we have reviewed, it is likely that they will continue to evolve to maintain their niche as major hospital-associated pathogens.
VI. FUTURE DIRECTIONS
The historical approach to understanding microbial pathogenesis, i.e., constructing bacterial mutants and studying "virulence" in animal models, has produced a formidable body of literature that we have attempted to review. A tremendous amount about each of these MDR pathogens is known as well as the genetics of their adaptation to the host. In the past for organisms such as S. pneumoniae, this was sufficient for the development of highly effective vaccines. However, the development of effective vaccines against the ESKAPE pathogens has been unsuccessful for many reasons. The reliance upon mouse models of infection is problematic for pathogens like S. aureus that express toxins with human specificity, as evidenced by the recent human trial of an anti-staphylococcal vaccine that was terminated due to lack of efficacy, despite promising results in murine models (127) . The use of humanized mice that express human hematopoietic cells susceptible to staphylococcal toxins may be useful for anti-staphylococcal vaccine development (43), even though exactly what constitutes protective immunity against these commensals is not well defined. Vaccines targeting P. aeruginosa have also failed (328) in part due to the selection of mutants lacking the vaccine targets. However, recognition of the specific P. aeruginosa toxins that are associated with lung damage may facilitate therapy with monoclonal antibodies directed at neutralizing these toxins (370, 385) , if such patients can be identified early in the course of infection.
A. Prevention/Early Targeted Intervention
The concept of targeted therapy for specific MDR pathogens is increasingly plausible with the availability of RT-PCR-based methods for rapid pathogen detection. These vastly improved culture-independent detection systems rapidly identify patients at risk, those colonized or even infected with MDR organisms, and can be used to direct appropriate therapy. Screening and decolonization of MRSA colonized patients has been tremendously effective in decreasing the prevalence of infection with these organisms (447, 457, 458) . Influenza-infected patients, with increased risk of severe bacterial pneumonias, could be routinely decolonized to diminish susceptibility to subsequent MRSA infection. As culture-independent diagnostics improve, this information can be used to optimize immunomodulatory therapy. It is evident that it is often the host response, or lack thereof, which is directly associated with morbidity and mortality in the pneumonias. The availability of drugs and biologics that target inappropriate immune signaling, excessive IL-1␤ for example in the setting of P. aeruginosa pneumonia, could be promptly initiated to prevent irreversible lung damage. Identification of KPC producing ST258 or similar strains of K. pneumoniae in the airway might generate therapeutic approaches to activate macrophages and enhance the inflammatory clearance mechanisms in the lungs. While the concept of tailoring antibiotic therapy to the specific infecting pathogen is widely accepted, it should also be possible to individualize anti-or proinflammatory modulators to similarly direct a more effective immune response against specific MDR pathogens. 
